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Electron-capture spectroscopy is used to study the long-ranged surface ferromagnetic order of Gd in 
the neighborhood of the bulk Curie temperature T~ulk at which, unlike bulk ferromagnetic order, it does 
not vanish. The surface magnetization, together with its first temperature derivative, is found to be a 
continuous function of temperature at T~ulk and, as the temperature is varied, the surface magnetization 
is found to depart linearly from the nonzero value which it assumes at T~ulk, with critical exponents 
x+=l.00±0.03 (T>T~ulk) and x-=1.00±0.01 (T<T~ulk). These findings are discussed in the 
light of recent theoretical studies. 

PACS numbers: 75.50.Cc, 75.40.-s 

It is now well established that the magnetic properties 
of surfaces may differ drastically from those of bulk 
matter to which they are coupled. 1 

A particularly striking illustration of this fact is pro
vided by the possibility of the coexistence of a magneti- · 
cally ordered surface phase with a magnetically disor
dered bulk phase. 

This remarkable phenomenon was discovered 2 in 1981 
in Gd, with use of electron-capture spectroscopy, a new 
method that probes magnetic order at the topmost sur
face layer. Possibly related observations have more re
cently been made by spin-polarized photo emission 3 

and spin-polarized low-energy-electron diffraction 
(SPLEED), 4 techniques which, however, probe simul
taneously the first few surface layers rather than only the 
topmost one. Apart from Gd and Cr, 5 no other system 
has yet been found that exhibits this striking property. 
Several other rare earths, such as Dy or Tb, should 
behave similarly to Gd, but their often low bulk critical 
temperature makes their experimental investigations 
more difficult. 

As the temperature is lowered below the Curie tem
perature of the surface of Gd, which lies at least 2•4 15 K 
above the bulk Curie temperature T~ulk =292.5 ± 0.3 K 
of the bulk, 2 the surface magnetization increases smooth
ly. 2 When the temperature is further lowered and finally 
reaches the value T~ulk at which magnetic order sets in 
in the bulk, two ferromagnetically ordered phases coexist 
at equilibrium. 

The classical statistical-mechanical description of this 
phenomenon is well developed, and conventional models 
of localized magnetism in insulators such as the Heisen
berg and Ising models have been analyzed in great de
tail, although mostly approximately. 6 As expected, 
coexistence of an ordered surface phase with a disor
dered bulk phase is predicted to occur for sufficient 
enhancement (10%-60%, depending on models and esti-

mates) of the interactions between the surface spins. 6 

Simple proofs 7 of this prediction, based on rigorous 
correlation inequalities, can be constructed for the Ising 
and anisotropic XY (rotator) models; a similar proof for 
the anisotropic Heisenberg model is still lacking. 

Obviously, classical statistical mechanics is unable to 
explain the origin of the enhancement of the surface cou
pling, which is purely quantum mechanical. While the 
proper quantitative theory is, not unexpectedly, extreme
ly difficult and still inexistent, the enhancement of sur
face couplings is successfully accounted for, qualitatively 
at least, by combining the theory of itinerant- and 
localized-electron ferromagnetism. 8 Indeed, the atoms 
of the topmost surface layer have fewer neighboring 
atoms than those of the bulk, and it is well known that 
magnetic order is strongly modified by the coordination 
number. Moreover, the changes of the lattice constants 
near the surface also modify magnetic interactions. 

In this Letter, we address the important question of 
whether and how the singularities of the phase transition 
of bulk Gd manifest themselves in the behavior of the 
otherwise regular and noncritical surface magnetization 
of Gd. While there appears to be no earlier experimen
tal studies of this problem in magnetic systems, a very 
similar problem has been actively studied in recent times 
in multiphase classical fluid systems near critical end 
points 9 and in the equivalent 4He near the A. point. 10 In 
these fluid systems, the surface tension has been ana
lyzed in detail and the results, to which we return below, 
do share several important features with those described 
here for the surface magnetization of Gd. 

The experimental method used to study surface mag
netization is based on electron-capture spectroscopy 
(ECS). The basic process in ECS is the capture of 
spin-polarized electrons during grazing-angle reflection 
of fast (150 keV) deuterons at a magnetic surface. For 
an angle of incidence of 0.2°, the distance of closest ap-
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proach of the deuterons during the specular reflection is 
2 A. Thus, the ions probe only the exponential tails of 
the electronic wave functions at the topmost surface lay
er, resulting in the extreme surface sensitivity of ECS. 

Electron capture at ferromagnetic surfaces results in 
the formation of deuterium atoms having a net electron
spin polarization. By hyperfine interaction, this electron
spin polarization is partially converted to a nuclear po
larization which provides a direct measure of the net 
electron-spin polarization P of the electrons captured at 
the ferromagnetic surface. 

In the case of Gd surfaces, as discussed in Ref. 2 and 
Rau 11 the measured polarization P ( T, H) can be attrib
uted to the polarization of the 5d-6s surface conduction 
electrons. It is proportional to surface magnetization 
ms (T,H) of the localized 4/ electrons which are the 
predominant carriers of the magnetization of Gd so that 
P(T,H) =bm5 (T,H), where the sign and magnitude of 
b depends on the spin-polarized (5d ,6s )-electron density 
of states at the Fermi level. 

!:::: 
(]__ 

/ 
/ 

/ 
~ 

~ 
/ 

/ 
T T. bulk 

/ < c 

_J SLOPE 1.00±0.01 
/ 

/0 

FIG. I. Experimental data for the electron-spin polarization 
as a function of the reduced temperature (T- r'f;•lk)/T, above 
and below T~ulk. The value P(T~ulk) has been subtracted in 
both curves. Note the different scales for P in each case. 

The P(T,H) data are obtained for atomically clean and flat magnetized Gd surfaces consisting of a single Weiss 
domain, as shown by Kerr-effect measurements. With use of scaling theory, the spontaneous polarization P 0 (T), and 
therefore the spontaneous magnetization m 0 (T), of such a single- Weiss-domain specimen is then determined by extra
polation 2 towards the limit H-+ 0. The internal magnetic field was varied between 24 and 64 kA/m, corresponding to 
a very small internal normalized magnetic field. Further details can be found in Ref. 2. 

The experimental data for the spontaneous surface polarization, shown in Fig. 1, give rise to a surface magnetization 
of the form 

l (T~ulk- T)x_/Tc, forT< TEulk, 
m 5 (T) -ms(T~ulk) =constX ( bulk)x+j b lk 

- T- Tc Tc, forT> Tcu , 
(1) 

with x- = 1.00 ± 0.01 and x + = 1.00 ± 0.03. These er
rors also include the uncertainty on T~ulk. 

Several theoretical predictions have been made con
cerning the behavior of the nonvanishing surface mag
netization at the bulk Curie temperature. It was first 
shown 12 that in mean-field approximation, the phenome
nological Landau-Ginzburg model predicts that the sur
face magnetization m 5 together with its first derivative 
are continuous functions of temperature at the bulk Cu
rie temperature TEulk, but that there is a discontinuity at 
T~ulk in the second derivative of the surface magnetiza
tion. In fact, this mean-field approximation is readily 
solved analytically, yielding, 12 for I T~ulk- T I «I, 

ms(T) =ms(T~ulk)+A(TEulk- T)+BT(TEulk- T)2, 

where BT =0 for T > T~ulk. We observe that the linear 
term is also found in the present experiments [Eq. (1)]. 
We come back to this important point below. 

It was suggested 13 next, on the basis of scaling argu
ments, renormalization-group considerations, and partly 
questionable 14 assumptions, that the singular behavior of 
the surface magnetization should be identical to that of 
the bulk free energy. A key assumption underlying this 
suggestion is that the critical behavior of the surface 

with enhanced couplings and vanishing surface field is 
identical to that which obtains in the case of zero 
surface-coupling enhancement in a nonvanishing surface 
field. Consequently, because the singular part of the 
bulk-free-energy carriers, by definition, a critical ex
ponent equal to 2 -a, with a the critical exponent 
describing the divergence of the bulk specific heat, and 
because a< l, this argument implies that at TEulk the 
surface magnetization and its first temperature deriva
tive are continuous functions of the temperature, but 
that its second temperature derivative is weakly singular. 
Stronger singularities have also been suggested. 14 In 
mean-field approximation, a =0, so that this prediction is 
consistent with the explicit mean-field system given 
above. 

More generally, it follows from this argument that the 
expansion of the surface magnetization ms (T) about 
T~ulk in powers of T~ulk- T contains a term regular in 
T~ulk- T which, unless it accidentally vanishes altogeth
er, must be linear in T~ulk. Only then is the approximate 
mean-field result recaptured when a -o. It should be 
noted that the experimental results shown in Fig. I clear
ly rule out a vanishing slope of ms (T) at TEulk and, to-
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gether with the exponent values x ± -1.00 of (I), are 
fully consistent with these theoretical predictions. 

Clearly, the singularity in the second derivative of the 
surface magnetization, be it that of the bulk specific 
heat, in accord with Ref. 13, or a stronger one, as sug
gested in Ref. 14, is impossible to detect with the eye or 
experimentally. 

Precisely the same qualitative behavior is predicted for 
the surface tension at a critical end point in multicom
ponent fluids. In that case, the singularity of the second 
temperature derivative is predicted to carry a critical ex
ponent equal to 2- J1, with 11- 1.26. There is, however, 
an unresolved conflict between theory and experiment for 
the case of 4 He, for which extremely accurate experi
ments15 clearly indicate a discontinuity in the first tem
perature derivative at T~ulk. 

No successful renormalization-group calculation, be it 
in real space or with the use of the c expansion, has been 
performed to determine the detailed singular behavior of 
the surface magnetization at the bulk Curie temperature. 
The only result the renormalization-group method has 
yielded 16 so far is the meager one that a nonzero surface 
magnetization exists at T~ulk_ 

Theoretical predictions in conflict with those described 
above have recently been made in a detailed study 17 of 
the quanta! anisotropic Heisenberg model. This analysis 
is based on a random-phase approximation of Green's 
functions. Consequently, unlike the case of a mean-field 
treatment, spin fluctuations are, to some extent at least, 
taken into account. The main prediction of this analysis 
is that while the surface magnetization is continuous at 
the bulk transition, its first derivative is not. This discon
tinuity of the first derivative is rather pronounced (see 
Fig. I of Ref. 17), although no precise numerical esti
mate was given in Ref. 17. 

To be sure, the systems considered in Ref. 17, typical
ly EuO, which are semiconductors, differ strongly from 
the metallic Gd, in which the spin polarization of the 
(Sd ,6s) conduction electrons via the Ruderman-Kottel
Kasuya-Yosida interactions may have in general 
significant effects on the temperature dependence of the 
magnetization. 18 But previous experience with critical 
phenomena indicates that the bulk thermodynamic 
singularities at critical points of insulating and metallic 
magnets are identical; experimental tests are unfor
tunately made difficult by the low Curie temperature 
(T~ulk =69.1 K) of EuO. It must also be said that the 
random-phase approximation when applied to fer
romagnetism is recognized 19 to be rather difficult to con
trol, making its quantitative predictions somewhat uncer
tain. 

It would be of great interest to combine the comple
mentary ECS and SPLEED techniques to determine the 
nature of the magnetic coupling between the first surface 
layers. At present, the results obtained with ECS and 
SPLEED suggest that there is antiferromagnetic or at 
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least helical order between the surface layers. However, 
a definite test of this suggestion is not yet possible be
cause the samples used in SPLEED4 are freshly remag
netized at each temperature, whereas no remagnetization 
is performed in ECS. It is hoped that this first study will 
stimulate further more detailed theoretical and experi
mental works. 
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